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SUMMARY 


A combined  probe  for  measnremen ( of  mass  flow,  sta^vnation  temper- 
ature, find  s tafpiat  i on  pressure  in  supersonic  boundars'  layers  has 
been  l>uilt  and  tested,  'I'he  mass  flow  is  evaluated  from  the  rate 
of  chajp^e  of  pressure  in  a volume  connected  to  the  probe.  The 
prol)e  i ncorr^orat  es  a thermocouple  and  provision  is  made  for  the 
es  t at)  1 i slimen  t of  a controlled  mass  flow  past  t lie  thermocouple 
duritif;  the  temperature  measurements. 


The  prol>e  has  l)ocn  tested  at  rlifferent  presstires  and  t eni)>era  tures 
iti  the  boundary  layer  on  tlie  nozzle  wall  of  the  Fl'A  H\  p aOO  facil- 
ities. 1 lie  results  were  compared  with  tlie  results  from  simultaneous 
measu  r’f'men  t s w i t li  the  AV'A  comliined  pressure- t emper.a  ture  prolie. 

I'he  results  a/^reed  witliin  tlie  expected  limits  of  accuracy  . 
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EINE  SONDE  FOR  MESSUNG  VON  MASSENSTROM. 
RUHETEMPERATUR  UND  RUHEDRUCK 
IN  OBERSCHALL-GRENZSCHICHTEN 


von 

Gunnar  Hovstadius 


ZUSAMMENFASSUNG 

F^ine  kombinierto  Sondp  zur  Mes.simK  fies  Mas.seris  tromes , der  Rulie- 
tf'mperatur  and  de.s  FFuhedruckes  ist  konstraiert  and  getestet 
worden.  Der  'lassenstrom  vvird  ermittolt  aas  den  Druekiinderungen 
in  einem  Volamen,  das  mit  der  Sonde  verl)anden  ist.  Itmerhalb 
der  Sonde  sitzt  ein  Thermoelement  and  es  ist  dafiir  f^esorpt  vi'orden, 
dass  sich  ein  kont  I'ol  lierter  Massenstrom  am  das  'ITiermoelement 
wiilvrend  der  I'emperaturmessunRen  einstellt. 

Die  Sonde  ist  liei  verschi edenen  Driieken  a!id  I'emperaturen  in  der 
(trenzseliieht  der  Diisenwand  des  I'F'A  ID  I’  ^OO  Kanals  fjetestet  worden. 
Die  F'rf^ebnisse  s i nd  mit  den  simnltanen  'lessan;Ten  der  komi)i  n ier  ten 
Draek-  luid  i'emperatar-AVA-Sonde  \'en^  1 i tdien  worden.  Die  F'rf^ebnisse 
stimmen  in  der  erwarteten  Cienaaif^kei  t iit)erein. 


UNE  SONDE  COMBINES  POUR  DES  MESURES 
DE  L’ECOULEMENT  DE  MASSE.  DE  TEMPERATURE  TOTALS. 

ET  DE  PRESSION  TOTALS 
DANS  DES  COUCHES  LIMITES  SUPERSONIQUES 

par 

Gunnar  Hovstadius 


RESUME 

I'ne  sonde  comliinee  poar  mesarer  I'ecoalement  de  masse,  de  pression 
totale  et  de  temperatare  totale  dans  des  roaches  limites  super- 
soniqaes  est  constraite  et  examinee.  I,' ocoalement  de  masse  est 
evalae  a partir  des  variations  de  pression  dans  an  volame  attache 
a la  sonde.  line  thermocoaple  est  sltaee  dans  la  sonde  et  pendant 
les  mesares  de  temperatare  an  ecoalement  de  masse  controle  est 
etabli  aatoar  de  la  thermocoaple. 

La  sonde  est  examinee  dans  des  conditions  differet^tes  de  pressioii 
et  de  temperatare  dans  la  coache  limite,  qui  se  developpe  sar  la 
paroi  de  la  tayere  de  la  soaf'rierie  FF'A  IfiT  500.  Les  result  at  s 
sont  compares  avec  les  mesares  effectaees  simaltan^ment  avec  la 
sonde  coml'inee  (pression  et  temperatare)  d'AVA.  Les  resnltats 
sont  en  accord  dans  les  limites  de  precision  expectees. 
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A COMBINED  PROBE  FOR  MEASUREMENT  OF  MASS  FLOW. 
STAGNATION  TEMPERATURE.  AND  STAGNATION  PRESSURE 
IN  SUPERSONIC  BOUNDARY  LAYERS 

by 

Gunnar  Hovstadius 


1.  INTRODUCTION 

In  ordor  to  define  fully  a steady  flow,  it  is  necessat'y  to  kjiow 
l.lii’eo  flow  properl  Los . I siia  1 I \ , t.hese  are  obtained  l)\  nieasui’Lnp. 
soiiii-  of  the  fo  1 Low  i 11(7  quant,  i I- i es  : pilot.  pr(;.ssnre  , static  pres- 
sure, st.ap.nat  i on  tempc'ra  tuix‘ , mass  flow,  and,  when  appli- 
cable, tlie  staf>;nation  pressure  of  the  liuuiel.  Any  three  of 
these  quantities  can  \>o  used  to  derive  the  others.  Tlie  efjua- 
t Lons  to  d(?ri\e  these  qnajitities  ;tre  conveniently  (vatherod  Lti 
Ref.  [ij,  wh('r('  it  Ls  also  pointed  out  that  the  most  favour- 
able quantities  tu)  measure  would  l)o;  st.a^Tnation  temperature, 
mass  flow,  and  pitot  pressure'.  No  effort  has  previously  been 
malic  to  build  a probe  for  measui'iny;  these  three  variables. 

Duriri(7  the  last,  few  years,  liiCferent  probf's  ff>r  the  measurement 
of  flow  properties  in  supersonic  bonndax'y  l;iyers  luive  been  test- 
ed at  FFA , Refs.  [.'iJ-LoJ-  Tlie  work  h.is  m-'iinly  been  concerned 
with  the  dev(' 1 oiMiien t of  mass-flow  prohes.  The  first  mass— flow 
measurin(7  system  at  FFA,  di'veloped  by  Stalker,  Ref,  [2j,  used  a 
sonic  orifice  for  llu'  determination  of'  the  mass  flow.  This 
•'\^tem  h.id  the  drawback  of'  requiriiif^  a rather  hip;h  pressure  in 
oivier  to  avoid  drast  ic  chajpves  in  the  el'fective  arefi  of  the  sonic 
orifice,  which  in  turn  led  to  detachmi'iit  of  the  shock  fit  the 
probe  inlet.  Side-by-side  me.'isurement.s  of  the  f'low  properties 
in  t h(>  boundai’y  layer  on  the  nozzle  wall  of'  the  Hyp  jOO  wind 
tunnel  wi're  later  mad<>  with  a comblni'd  pressure-temperature 
probi'  fro'ii  AVA  and  a mas.s  flow  prolx',  Ri't'.  [’tj. 

An  alternitivc'  method  of  mass-flow  mt'a  surement , which  inste.ad 
used  the  |)ressiire  dei'ivali\e  in  a closi'd  sysli'iii  to  derive'  the 
mass  flow,  was  I herea  ft  ci’  develofied.  Ref',  faj. 
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liad  (a?rtain  odwuit  ovi'r  the*  earliei'  t eelin  i quo  . Tlu* 

siire  ieveL  Lii  the  measuring;  ,'system  could  l)i'  cons  idorahl  \ re- 
duced, tliereby  reduciiif^  tlie  risk  of'  shock  detachinent  at  the  probe 
inlet.  Also,  the  numhi>r  of'  paraiiK'tors  in  the  de  ( enii  i n.i  t i on  of 
the  mass  f low  decreased.  Th.e  new  techni(iut‘  for  mass— flow  measure- 
ment allowed  th(!  installation  ol'  a then:iocoiij) le  behind  the  en- 
tr.'uice  of  ti  nuiss— flow  probt- , without  causinp;  detacluiK'nt  of'  the 
-shock.  This  report,  descri  bes  such  a comhiiual  mass-f'l  ow— stap.ii.a- 
tion-temperature  probe.  It  has  been  tested  at  different 
Re>aiolds  numbers  in  the  m4  nozzle  of  the  FFA  Il>-p  '300  facilities. 
The  results  are  compared  with  the  results  obtained  from  measure- 
ment.s  with  a combined  pres.sure-temperature  probe.  This  probe 
has  etrrlier  been  tested  simult;uieously  with  a conical  equili- 
fjriiun  probe  in  a turbulent  boundar\-  layer  at  = 3»  Ref-  [Oj- 
The  measured  staf^iation  temperatures  in  those  tests  were  in 
very  {jood  a^^reemont. 


I 

2.  TEST  CONDITIONS  ! 


riie  experiments  were  c;u:’rietl  out  in  the  Hyp  500  wind  tiuuiel  at 
P'FA.  The  tiuinel  is  a blow-down-t;o-atmosphere  wind  tuiuiel  with 
Contoured  ;xxisNmuiietric  nozzles  uid  an  open  Jet  test  section, 

50  cm  in  di;uiieter.  Ref.  [7-i- 

In  the  present  tests  the  tiuinei  coiKlitions  were; 


Mach  iuunV)er  4 4 4 

Sta^Tuation  pressures  1.5  1.1  l.l  MPa 

Sta^^nation  temperatures  )',’()  470  500  K 

Tile  measurin.q  position  was  located  I I'lii  downstreiun  fiaxii  the  end 
of  the  nozzle  so  that  the  probes  could  be  kept  outside  the 
nozzle.  Tlie  probe’s  could  thus  be  protected  from  the  hif^h  loads 
duritifv  thei  -strU'tin;?;  up  of  the  funiu’l. 


The  Mach  niuiibeu'  distribution  in  the  'I't  nozzle  is  shown  in  Fi^j.l 


Ft  A K.'ikh  I I 


3.  test  equipment 

3.1  The  probes  used 

ITie  combLiu'd  m:i.ss-t'low-bta^inatLon-toniperat,urf  probe  was  to.sted 
side  l>y  side  t.li  tlie  AVx\  conitdiied  pressiin  — t <-iiiper;i  tiu-e  prol»e 
it\  tile  boimn;ir\  layei'  on  Lho  noz^ile  wall  ot  t iu‘  Hy|)  )00  v»  Lnd 
I mine  1 . 

Till'  pi'oties  were  mounted  on  a travorsi  iv;  system  lliat  made  it 
possible  to  traverse  the  entire  boundar\  layer  during;  a riui. 
The\  could  be  sioppc'd  for  measurement  at  ;tn  arbitrary  [lositiou 
in  lilt'  lioiind  ir'y  la\er. 


3.2  The  AVA  combined  pressure-temperature  probe 


The  AVA-probe  is  shown  in  Fif^.  1.  A thermocouple  is  placed 
immediati'ly  bt'hind  tlu'  ojH'niii;^  oT  a pit.ot  tube.  The  thermo- 
couplt'  is  built  From  sheathed  thcnnocouplc  wire  (Thermocotix ) , 
(>.  I mm  in  diaim'tt'r.  The  ratio  between  the  diameter  ;uid  the 
lenp;th  t)f  t h('  wires  is  small  in  ortler  to  minimize  heat  losses 
b\  conduction.  The  conductors  and  the  sheath  are  isolated 
fro'ii  t'acli  otlit'r  i>y  Maf^iesia  [lowder.  A system  of  valv'os  :uid 
sonii'  orifict's  allows  the  mass  flow  t hroU{’;h  the  system  to  be 
\arie'l.  liy  elosinp;  the  vfilves  it  is  also  possible  to  measurt' 
lilt'  pitot  pressure. 


'Icier  has  shown  that  the  recovery  I'actor 


r 

1> 


where 


r 

P 


T - T 
om 

T - T„ 


(1) 


of  the  1 1 lermocoiip  1 e in  a probe  with  suet  ion  is  stroiwly  dt'pt'iid- 
ent  on  the  mass  flow  past  the  t lu'nnfii-oup  1 <> , Hef.  [l^J.  TIk'  tle- 
pendence  is  shown  in  Fir.  • It  is  st'en  th.at  there  exists  .i 
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<,T  i t i 1 \;iliu>  oF  the  ma.s.s  Flow  bolow  wliidi  the  i’ooo\  c>ry  F.u'toi' 

starts  to  Fall.  Al)ov(>  this  valuo,  is  apfirox  i ttia  t o 1 |•ollslant. 

The  probo  has  to  1«?  c-alihratod.  I'his  is  inado  b>'  cluuvTiiitT  Fho 
mass  Flowr  throuf^h  t ho  jirobo  while  it  is  kept  in  the  Fret'  stre.un 
oF  the  wind  fiumel  wfhore  tlu"  ti'mperature  is  ktiown. 


W i.  t h 


T 


o 


and  Eq.  (l),  the  Foliowinj^  expression  For  is  obtained 
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The  normal  izi'd  mass  Flow  i ti  the  honndar\  layer  is  obtained  From 
the  Follow-inp;  expression,  Kef.  [ a j 


I 


where 


('0 


(^>) 


In  the  present  tests,  the  area  oF  the  sue:  t i oti-contro  1 1 i n;’;  sonic 
oriFii'e  was  tn.ad<»  L;irf^o  enou^;;h  to  keej^  the  mass  Flow  above  the 
critical  value  in  the  etitire  portion  ol'  the  boundary  layer 
wlK’re'  tiK'asurements  were'  made.  A tiiore  detailed  dc'scription  ol' 
the  system  is  ^^iven  in  KeF.  [8j  . 


H A H.  port  r.'‘) 


The  cunihmed  »un-)lou.'  — sLij^iuilioii-lOHpcratiire  prohe 


<) 


Tin*  I'uiiii  > i lied  iiiiiss— r I ow-s  I ; i,‘’;n.  1 1 i on— I (^iiiperii  I iit-e  prolie  i ns.-ieiii  iol- 
l\  .1  coiiit)  i II.  1 1 ion  of  llif'  HA  iiin.s.s— I'l  ow  (ii'olie  .iiid  (Ik*  AV  A eoiiil  > i i lei  1 
pt'essn I’e— I eiiipe r.  1 1 lire  probe,  Tliese  probi-s,  ivliieh  ore  ?iliowii  in 
F i p . A'  ;md  i,  are  dr.-scribed  in  di’tai  1 in  HeF.s.  [ and  [fJ.  A 

>\ioi'i  desi-riplion  i 1 1 , liowevei’,  Ih'  p;i  \’en  Ik'Iow  For  comcii  i enco  . 

A 1 1 K'lniocoiipl  e lia.s  ln-cn  insLaLled  iirside  the  riias.s— flow  probe, 
jii.-^t  liehiiid  tlie  intake.  Tlu'  .sy.slem  ha.s  also  bei'ii  ('quipped  with 
a \ a 1 ve  1 ('ad  i np;  to  a smal  1 orit'icf'  Tor  control  of  tlu-  iiris.s  Flow 
dtii'inp;  t ('iii(>('rat  nr('  iiiea.su  n 'iiK'-n  t .s  , a.s  sup.f^e.sted  by  .^loi('r,  'Fhe 
combined  probe  is  show-n  in  Fip,  A.  For  mass-Flow  measur(':n('uts 
t h('  \ a I V('  to  the  \ ;ic'unin  .sy.si('iii  i .s  Fir.st  op('ned  in  order  to 
lovvcr  t h('  pi'('s.sui'('  in  I Ik'  system  a.s  imu'h  as  po.ssi.bl('.  The  mas.s 
Flovv  into  1 h('  prolx-  is  (ra  Icii  I a t('d  From  the'  rat('  oF  chan^^e  oF 
th('  pi’('ssur('  in  th('  syst('iii,  aFt('r  tlu-  va  I V('  to  tiu'  vacuiuii  sys- 
t ('lit  has  Ix'en  e'  . Vdu'n  tlu'  )H'('ssui'('  in  tlu'  .sy.st('ni  i .s  h L;^h 

('iionp.ii,  th(  -roiiK'.s  d('laehed  at  t lu'  prolx-  entr.'uice,  and 

FinalK  Ih.  >n  pr('s.snr('  i .s  r('aehed.  Fi.-^.  (>  .shows  two 

t\pi('al  pi  r('eord  i np;s . The  t eiii[K'ratur('  in  tlu-  system  i.s 

controlled  by  h('at  ('X('han,'7('r.s . 


In  ord('r  to  obtain  the-  normaliz('d  mass  Flow-  pu/(pu)^  , measure- 
ment.s w('rr-  m id('  in  tin-  f'ree  .si  r('am  and  in  t he  boundary  layer. 

IF  1 h('  ('iilraiux'  area  .4  is  assu-iK-d  to  lx-  ('onstajit  throui^hout 
the  boundary  layer,  tlu-  FoHowi.np;  ('.\pr('ss  i on  is  obtaiiK-d,  ReF. 

[3l. 
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TIk'  noniialix,('d  mass  Flow  i.s  thus  ^;i\'en  by  the  ratio  of'  the 
pto.ssnre  d('r  i v'a  t i \'(>.s  tiiiu's  a Fnnetlon  of'  temp('rature  , correcting 
For  diFF('rent  t eiiip('ra  t ur('  distributions  in  the  systt'in.  The-  cor- 
i'('ct  ion  arisi'.s  f'rom  tin-  Fart  that  tlu-  inl('t  oF  the  .systi'in  Is 
h('a  t ('d  to  a t ('inpe  ra  t urr-  elo.se  to  tlu-  sta^Tiiation  tempera  tur(' , 
which,  in  turn,  vari('s  t hroup;h  t Ik-  boundary  layc-r. 
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The  t i ()i  1- 1 eiiipei'a  t ui'e  iiK'asuitMiic ‘ii  1 s ar’c  made  accoi'diii;^  to 

Mt'ier'.s  t <'etm  i ([ue , (ic.scr  i lu'd  al>o\e.  A .'-.mall  mass  l'l(;w 
the  thennoeouple  Ihu.s  has  to  he  es  t ah  1 i shed . This  is  done  hy 
op(Miin,‘^  a valve  to  a sonic  oi'il'ice,  see  F'ip;.  a.  The  [)roh(>  was 
calihrated  iti  the'  Fi’ee  .st  re'am  of  the  tniuu'l,  ;uid  Eej.  ( '} ) was 
use'll  in  the'  data  re'due'tion. 


4.  RECORDING  OF  DATA 

'file'  data  were'  recordeil  on  the  Heekm.ui  ',’10  il.at.i  ai-iiu  i s i t i on 
system  of  the  ll\p  ~)()0  faciii  tie's.  The  sysletii  acce'ijt  s up  to 
30  low-Level  .uialop;  inpeit  sij^nals  ;unl  re'i'orils  the'  ininit  si^jnals 
on  map;netic  tape'  in  :i  ilif^il.il  fonii.it,  e-om[)atihle  with  ;ui  iCL 
1 00 1 -AS  or  HIM  dtiO  I'eemputer.  Thirty  of  the'  fift\  low-levei 
tuualo{^  input  ch^uuieels  aj'o  wire'll  to  sie;nal  conil  i t i e)u iup;  uni  ts 
of  the  const;uit-eairre>nt  ty^ie'. 

Tlio  low-ievel  input  eaihie's  he>twe'en  the'  wine!  t.unni'l  anil  the 
system  aj'e  carefully  si'r'e'i'iie'il  ajiel  I'lie:  ieese'il  in  iron  tuhe.s  tea 
eliminate  elisturh.uiea's  from  i' 1 e'l- 1 romap.iie  t i ea  noise  fieiels.  llie' 
system  has  ei^^ht  samplinj^j  rates,  r.aeppip;  from  I llz  te>  K)  kJlz. 

In  the  present  ti'sts  the  folleawin;^  \'ariahle>s  were'  re'eamli'ii : 

p , T , ])  , T , T , T,  , 1,  , 1 , .anil  v 
e j o V'  I .1  ’ i I s 

'file  seimplinf^  rate  nse'ii  in  tin'  te>sts  was  It)  llz. 


5.  DATA  REDUCTION 


The  normal  i ze.'il  m.ass  I'leaw  i s olat  aini'il  fream  Eej.  (h).  With  the 
present  values  of  the  suhvej  liunejs  (see'  Fif^.  7)  the  cearre- 

speaneliiifv  te'iiiperature's , one  eahtains 
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Till'  pr'f'.s.surc  ‘Ici’ivMi  i\'(‘s  w(‘i'i'  ol  1 1 . li  ] iim  I t'l'oiii  llic  pr"ssurc  re- 
cord i n,“> . 


[0J 


in 


is  tlu'  1 op;;ir  i 1 Inn  i c iiK'nn— ( ompc'rat  uiv  d i IToronco  oF  the  lii-.il  cv- 
cliiuip;er‘.  6|  oiiuals  Hit'  Lc^nipcra  t ui’<'  d i I I'o  t(M  ic(>  In'lwfK'ii  the  Flo\% 
:uid  the  wail  al  llu'  eiitraiua',  aJid  d,,  the  d id'l'oj'enct'  hetween 
tlie  flow  and  lIk'  wall  at  the  exit  of  the  h(’at  exchaip’;er. 


The  total  temperature  was  ealeulat.ed  h\'  usiiip;  Fq.  ('))•  Hie 
calibration  ol'  the  n'Cox'ery  F.ictoi'  was  made'  in  the  Free  strt'.un 
oF  the  wind  tunnel  l>y  vary  in,";  I In'  sui'k(-d  niass  Flow. 


6.  ACCURACY  OF  MEASUREMENT 

6.1  The  mass-flow  measurements 

1'Ik'  acx'uracy  oF  the  mass-Flow  iin'a  snremen  I s depends  ma  i n I v on  the 
Following;  Factors: 

a)  the  accuracy  oF  the  pressur”  record  iiv^ 

h)  tin'  t t'lnpc'ra  tui’('  d i s I i' i I hi  I i on  in  thi'  measuriipv  svstem 

c)  tin'  ef'Feel  i ve  area  oF  tin'  supersonic  intake'  of  the 

prohf' 

The'  diFFe'i’e'iit  I ran sdui'e' rs  are'  calihrale'd  l.o  {vive'  aji  e'rreir  e>F 
le'ss  than  () , ~)  in  the'  I’l'^^ieHl  oF  int.e're'sl.  The'  t e'liipr'ra  t ure 
el  i st  T'i  hut  i e)ii  is,  in  princi|)le',  ae'cura  t.e’ 1 y tm^ei  surah  1 e' , hut  the'' 
apt>re>x  i ina  t i.ejiis  use'el  will  ^;lve'  I'i  se-  to  aji  e'l'i’e)!'.  Fhe'  corre'e'tion 
Fe>r  elil’Fe're'iit  t.e'Mipe'ra  I ure'  li  i s t r' i hut  i ons  in  the'  syste'iti  was,  heiw- 
e've'r,  smalle'i'  than  D.'i  Jc , 

Hie*  intake'  are'a  oF  the'  preelie'  is  assume'tl  t e>  he'  e'einstant  t hreiu^^li— 
e)Ut  the'  hounelarv  laye'r'.  This  assuiiipl  ion  may  he'  vieilate'el  hy  ele- 
tae  liine'iil  e)F  the'  shock  anel  hy  Re'y nee  1 els  - numhe'r  I'FFe'e'ts  in  the' 

I )Ol  me  la  r\  I aye'T' . 


II' 
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Till'S*^  i't'r<'ct.s  ;u'(‘  il  i si'u.'.si'd  in  <ict;iil  in  HcF.  [ ' ; , wlmi'n  it  i 
shown  thnL  mnss-Clou  iiionsnroiiicnl  s cnn  In'  iriiuh'  with  ;in  .•i(.'cnric> 
w i 111  i n 2 ''/c  nsin,'^  n proho  without  n t horiiiofonp  I o . 

I'ho  insertion  of  a tl  eiiiioconp  1 e in  the  riiass-rlow  pi'ohe  eonid, 
of  course,  int  roduce  tui  C'rror  in  t lu'  iiieasnr'Miients.  PIk?  tc'sts 
show  , however,  no  LtirLuence  of'  Uit»  the niioconp I e . 


6.2  The  temperature  measurements 

The  accumey  of"  the  t ('inpei'a  tare  ineasiirenien  t s depi'iids  nia  i n I \ on 
the  convei'sion  and  i’(>co\(‘i'\  factors  id'  tin-  t heniioconp  I e . Tlie 
main  d i ff'i  citl  t\'  is  tc)  determiru'  the  reco\'ei'\  Factor.  At  low 
sta(7nation  t ('iiipei'a  t nri's , th<'  r;'covery  I'actor  mainly  di'iit'iids  on 
the  mass  t'loV\  throiir.h  the  prohe  , and  it  can  he  calihrated  as 
d(>sci'ih('d  ahovf'.  At  hir;her  ta'iiipera  tnres , it  was  f'ound  that  tat' 
temperature  mi'asui'ed  hy  the  tliennoconpl  <>  in  the  mass-flow  prohe 
was  also  inflnt'iiced  hy  condnclion. 

Accord  i Ilf;  lo  the  iiiruin  fac  fairer , the  ('rror  in  the  I iK'niiovo  1 ta/ve 
and  t;lu>  conversion  Factor'  , rives  an  ei’ror  in  t ('iiipt'ra  t ure  of  2,2  '/» 
when  measurt'd  in  def;r('es  cent  ip.rade.  This  ri''es  ;m  eri'or  of 
less  than  I % in  th(>  ahsointt'  t emper'a  tana> . For  the  AVA  pi’ohe, 
the  ('I'roi'  iti  the  recovt'i’v  f.'udoi'  is  assiuiied  to  he  sma  I I er  tliaji 
I %,  f;ivinr  a maxiimuii  total  eri’or  oF  less  tlrui  2 

Tilt'  accuracy  in  de  tt'rm  i na  t i on  of  the  recoverv'  Factor  oF  f.he 
t heniioconp  1 e in  the  mass-Flovv  pi’ohe  is  dependent,  on  the  temper- 
.itnre  level.  lU'low  a star, nation  temperaturi’  oF  F tlu>  eri’or 

is  I."  'p , lietween  ")()()  and  (iDl)  K 1 hi'  inl'lnenct;  of  conduction 
hecomes  moi’e  pronoiincc'd  , and  the  ('I’l’oi'  inci’eases  lo  2 ,~i  %, 
rivinr  total  error’s  oF  2 ,~-i  <ijid  i . o %,  resiiec  t i ve  1 y . 
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6.3  Probe  positions  in  the  boundary  layer 

Tlie  pi'cjbt;  po.sitLoiis,  roiat  Lve  to  the  wall,  (lil'l'oriHl  by  about 
I HUM  between  the  [jroljos,  the  f'FA  probe  be  Lap;  closest  to  th<> 
wall.  Each  measurement  position  in  the  boiuulary  layer,  there- 
fore, {jav'e  two  points  with  a difference  ol'  I inm  in  w.all  dis- 
tiuice  in  the  fiptires.  The  diffeience  in  pi'obt'  positions  was 
also  measui’t'd  by  com])ar in;v  the  stap;nation  pressure's  measured 
b>  the  two  probes. 

The  position  in  the  boundarv*  layer  was  measured  re'lative  to  the 
probe  support,  which  was  not  ri^^idly  attaclujd  to  the  nozzle. 

The  nozzle  moves  up  to  ().-4  iiuti  dui’in^’;  a rtui.  Therefore,  there 
may  bo  £ui  error  ol'  O.'l  nun  in  wall  dist;uice. 


7.  RESULTS  AND  DISCUSSION 

7.1  The  mass-flow  measurements 

Tile  mass  flow  in  tiu'  bound;iry  l;iyer  on  the  M^l  nozzle  w.all  of  the' 
FFA  Hy[)  i)0()  wind  tumiel  h;is  been  measured  witli  the  new  combined 
Miass-f  low-st,ap;nat  i on-temiiera  t are  probe.  Tb('  ri'snlts  of  tbf' 
me;isuremen ts  have  been  compared  wilb  I'.irl  ier  me.asiua'iiK'iits  made 
witb  ;i  pure'  niiiss-flow  pi'obe,  and  calculated  mass  flows,  obt.ained 
from  me.asiu’emen  ts  of  tot.al  trwpt'nitiiro  .and  stap,ti.a  t i on  pri'ssure. 
The  results  ;uro  shown  in  Fif^s,  9- 1 . 

Fi.fj.  9 shows  the  rn.ass  flow  measured  with  ;uid  wi  thoul  ;i  thermo- 
coujile  in  the  mass-flow  probe.  As  seen,  the  results  :ire  pr.ac- 

ti. cally  identical.  The  tests  were  ciu'ried  out  under  the  s.une 

st. a^YiKiti  on  conditions  as  those  reported  in  Ref'.  [ , i.e,: 

p^^  = II  b.ar,  T^  = '»7'3  K.  Fif%  10,  t.aki'n  from  the  s.utu'  ri'port , 
shows  (700(1  ;i(7reemont  between  the  measurc'd  m;iss  flow  .uul  tint 
c;ilcul.ated  from  pressure  .and  t('mper;itur('  im'Jisurements  with  the 
AVA  prolx'. 


FiA  «.'|)oi-( 


I ’i 


K i ps . 

1 1 and  1 .1  show 

1 he 

resu  1 t s of  1 lie 

comiiaj'at  i \ <■  iiK-asiu'e- 

meiil  s 

with  the  mass-t 

' 1 ow 

prohe  havinp,  a 

t h(‘niioc(Kip  1 1-  behiinl  ili- 

inlet 

and  the  A\'A  probe. 

The  stap;nation 

conditions  were  p = 
o 

'3.'), 

T = ill  iiiul 

I) 

II 

c 

II 

K,  resp<‘Ct  ive  1 y , p;i\int 

I'rpo-.st  rf'iiin  K('\  no  lii.s  nuitiber-^  of  ().5*  lO^/  m ;mcl  1.3'  10^/  in.  As 
st'on,  the'  b<>un<i;ir\  ~ t liifkiioss  ^’;rows  with  dfcroasin;^  Rey- 
nolds uunlx’rs. 


The  .i{v:'eemen t between  the  measurements  w;is  satisfactory  tlirou^^h- 
ont  the  entii'e  boniid.ii'N  layer,  in  all  tested  conditions.  A 
mino!'  -mealier  v.,!-.  caused  b\  (he  fact  that  the  boundary  layer 
ehaiifed  -'iiiin'wbal  in  fonn  diu'in;^  the  nin  dii<‘  to  the  lieatin;^  of 
the  no//li-  u ill.  I on'.e(|ii(  111  1 y , the  mass  flow  at  a ;jiven  posi- 

tion V Iliad  ^omaxdial  i I h lima,  A second  f'actor  th.at  j^ave  rise 
to  -call-  I in  the  data  In  t -n  the  mo\amanl  of  th('  iiozzle  reicativfi 
III  1 ha  |iic>ba  ^iippai  1 . I'll  i s moseiiiaiil  w IS  of  tlu'  order  O.'l  mm 
dnriii,'  I mil. 

i n iiii  I ha  pra^-.iiia  race  I n ( i n;  jt  u a-,  ^ei'ii  liiat  the  shock  at  tin* 
probe  aiilialica  dal, n had  --omawhal  earlier  for  a proln>  with  t lu'niio 
couple  than  for  a probe  \n  i I hoi  1 1 . rili.-'  \>as  axpi'cted  ajid  causi'd 
by  the  pressure  rise  behind  tin-  pr-obi-  eiilraiica  diK-  to  the  area 
blocka;';e  with  the  the niiocoi ip  1 a present. 


7.2  T/te  temperature  measurements 

The  temperature  measurements  wi-re  madi-  according  to  'U-ier'.s 
technique.  No  |)robLf'iiis  were  c-iicoitn tt-red  with  the  AVA  probe.  A 
vtu’y  hi(’;h  recov'ery  factor  was  att.iiiu-d  (r^^  = O.hh'i). 

The  tt'iiiiier.a  ture  nu-asiireim-nts  with  the  thennocoupl  in  t Ik-  mass- 
flow  ju’oIk'  t.iiriK-d  out  to  be  more  difficult.  Since-  tin-  (irobe 
was  orit^itiaLLy  desip, iied  for'  pure-  mass— flow  men  sure-iiK-n  1 s , wht-re 
constant  1 (-mpe  r.i  t itre  1 hroup;ho>t  < tin-  syst<>m  is  ri-tiuired,  it  was 
fiii'iiislK'd  with  thick  wails  and  a cooler.  One  .should,  tliei'e- 
f(jr(- , eXfK-ct  larp;er  heat  lossi-s  in  this  probe  than  in  the  AVA 
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pi’otx'.  Till'  t <Mup<‘ r 1 1 lift' s !Mi‘.  I --iii'i  (I  liy  (III'  t lu'niiocoiJp  1 ('  in  tlu' 
mass— 11  <)W  pt’olx'  wt'fi'  also  liuior  lli.ui  tliosi'  riioasiLTi'il  tlio  AVA 
pf'obe.  Tlii’oi'  il  i ITi'i'i'iit  1 1 loniioioiip  I »■  s woro  trioil,  ail  witli  tlio 
s.uiii'  ri'sults. 

Duo  to  boat  lossi's,  tbo  roi'o\ fai'tor  oi  l.lio  tlioniiocoupl  o in 
till'  mass— flow  prolu'  was  lowoi'  (ban  (bat  ol'  Lbe  AVA  probo,  Tlie 
lossi's  iiii'i'i'a  si'll  wit(i  i ni'i't'as  i ii;^  ( i'm()i'r'a  1 ii  ro  il  i fl'erfiice  betwieen 
the  probo  anil  tbo  sLa;’,iiaL  i on  1 1 'mpora  1 uro  ; tboroFore,  ilLlTerent 
calibi'ation  ciu'vos  bail  to  bo  nsoii  at  liil't'oront  sta^^nat  Lon  tom- 
lioraturos  in  llii'  ( unno  I . At  I bo  bic’iosl  I oiiitioivilairos , i.o.  ^‘)()K, 
till'  roi'ovoi'^  raolor  also  obaiva'd  wilb  llio  t inio.  Fi/^,  8 shows 
ilirfoi'i'iit  I'a  1 i bra  I i on  s of  tbo  probos. 

niu’iiif':  tbo  1 ow- ( ompoiM  ( iiro  niiis,  tbo  st  ,i,'’iia  t i on  1 omporaturo  was 
i-loso  to  room  1 omporat  uro  ( i 1 1 'i  K),  ami  t lioro  woro  no  jirobioms 
wiLb  float  I'onilui't  i on . I'lio  i-oii)\ory  I'aitor  was  t akon  ;is  constcUit 
.mil  oqiial  to  tbo  ti'oo  stro.iiii  Milno.  i'bo  ri'sti  I ( i n,",'  ( om()ora  t tiro 
prol'ilos  aro  shown  in  Fip;.  I ).  As  so'ii,  tboro  is  ratbor 
af^i'oi'iiiont  . 

Tbo  tomporatut'o  prol'ilos  at  ^ hjl  K aro  also  in  roasonablo 

;i;';roomon t (soo  Fiq;.  I'»),  Tbo  ilovialioii  bol.woon  tbo  results  is 
witbin  tbo  oxpoctoil  aooiu'aoy. 

At  T ^ a')*'  K,  moasuromout  ol'  tbo  st.aca'a  t i on  tomporal.iiro  was  moro 

il  i fl'i  I'll  1 t . Hoi'aiiso  of  tbo  short  riiiiii  i iif;  t iiiio  of  tbo  t uiiiio  1 , it 
was  not  possiblo  to  w.ait  for  tbo  probo  to  roaob  t oini>ora  t uro  I'qui- 
lilu'iiuii  with  tbo  flow.  'flio  probo  was  tliori'foro  lioatoil  ilurLuf;  a 
1 arf;o  part  of  oarli  run.  This  rosnlts  in  a roim.'ry  faotor,  vary- 
iiif7,  not  only  with  tbo  mass  flow  Ibrouf’.b  tbo  pi'obo , but  also  with 
tbo  t imo,  as  si'oii  in  Fi/v.  8.  Tbo  rooo\'or>’  faotor  .just  after 
starling;  up  of  tbo  tunnol,  while  the  lu'obo  t omporat  uro  is  still 
low,  is  ratlu'r  low.  As  Iho  probo  mo\os  towaril  tbo  wall,  t hi' 
sta/qiation  tomporalnri'  in  (ho  bounilar>  layor  'looroasos  and  thus 
also  the  hoa  t I'oiiiluot  ion.  fliis  pi'obahl\  oaiisos  tho  rooovoi'\- 
factor  to  incroaso,  rol.it  ivo  to  tho  v.iliio  obtainoil  in  tlii'  fi'oo 


1 
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( l\‘<'  uii  • 111  tile  ( i.  1 1 . i I'l i I II ' ( i nil  it  V\  I > i III}  )<)  ^^>  i 1 j ] n In  cn  I’l't'i'  I I'n  p 

till'  I pun  pni'nvni'y  t'untnp.  A I'ni  i t . ii  1 1 \,iliin  of  O,*-)")  Vv.i:-.  tlinpn— 
tnPn  usnil.  I'liis,  of  PnllP^.n,  1 .Iii-^n^  a lapp.np  nppnp  at  tlin  lii;’;li— 
stap.nat  i nil- 1 i'iii|)i'i'a  t II  pn  tnsls,  iniiiiiapnil  with  tlu'  lnst>  V\ith 
lownp  stay/nal  i nil  I nin)ini'atiii'nw  in  thn  tiiiiiinl.  I’lin  iiicpnaMnd 
tniiii>i.'Pa  I upe  in  tlin  hnniiiiai’\  la\np,  pn  1 a t i \n  tn  that  iiinasnpnd 
by  thn  AVA  jii’nhn,  is  t.hnpnrnpn  diu'  tn  thn  nsn  of  t nn  Inw  a Pn- 
covnpy  t'ai'tni',  as  i'\[)  1 a i iinii  ahnvn. 


8.  CONCLUSIONS 

The  mass  TLnvv  anil  I <'iii])npa  l tu'n  distpihiil  inn  in  the  honndapy 
layer  nn  tlu'  M't  nn/'./.ln  wall  havi'  linen  iiinasnped  with  a nniiib i iii^fi 
mass— flow— staf';na  t.  ion— tniii|)nt’a  tui'n  |)pnhe.  The  iiieasiireiiients  were 
compiired  with  data  nhtained  rrnm  the  s;mie  system  wi  thnnt  a 
theniincnii|)l  e and  I'pniii  mna  si  n'emi'i  1 1 s with  the  AVA  cniiihlnnd  jires- 
siu^t'— tnm|)np  I turn  |)Pnh<'.  riin  a;>;rnniiK'n  I hntwi'nn  tlin  results  oT 
till'  mna snrnmoi  1 1 s was  within  thn  Limits  nt  ex|)Octed  accuracy 
I'nr  all  testi'd  nnnditiniis. 

It  is  shown  that  il  was  ])nssildn  tn  lnnnr}w)Pa !,('  a I hopmncnui)  lo 
into  a mass-rinw  jipnlin  witlinnt  a rtnn  t i up;  the  mass-l'low  mnasurn- 
iiinnls,  |)Pn\  idl'd  Ih  il  thn  in'nssnri'  levt' 1 hnhind  the  [irohn  eti- 
t r.'uicn  can  he  kn|)i  Inw  i'nnup:h.  The  mnasup inp,  iiieliind  used  iiiadi' 
it  jxissihli'  tn  |)i'p|'npm  thn  mass-l'low  mnasni’nmnnts  al  a suf- 
I’icientlv  Inw  |)PnssiiPn. 

niin  tn  thn  dillnpi'iil  di'sipiis  of  thn  jirnhi's,  the  t hi'niiocnnii  I n 
in  till'  iii.iss— I Inw  |)t'nhn  was  IllnPi'  snilsit  i\n  In  heat  COndlK'tioil 
than  was  thn  I hniiiinnnni)  I n in  thn  AV  V |n'nhn.  Al  stap;natinn  t em- 
pnpaltipi's  hninw  iO( ) K,  il  w.is  (lossihln  In  callhratl’  till'  tniii|n>r— 
atnpi'  mna  sni'nmni  1 1 s nt  thn  mass— tlnw  ))pnhn  In  within  ahnnt  . "j 
al  hip, her  I nmpnpvi  I urns  thn  npp,,p  innp«'asnd  tn  ahnnt 

riln  main  ad  V.  il  1 1 ap.n  n|  a i nmh  i lied  Ilia  s s_  f 1 ,,  w-s  tap.l  la  t i ni I i 'm|)( 'I'a  tl  IPf  ■ 
pPnhn  is  llial  il  nii.i’ilns  nil -a  SII  pi 'liinl  1 1 nt  llipi'i'  i lid  i ' | in  i;d  i ■ 1 1 1 tlnw 
|)l'(i|inpla  ns  at  thn  s.inin  jininl  in  a I inw  rii'ld. 
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